ment to CT highly significant (r = 0.81). One infratentorial ICH and 10 or 11 of 22 subarachnoid hemorrhages (SAHs) were missed of whom 7 were perimesencephalic. The sensitivity for detecting acute ischemic signs was poor in blinded readings (0 or 25%, respectively). Conclusions: Optimized FD-CT, using a newly implemented reconstruction algorithm, turned out as a reliable tool for detecting supratentorial ICH and IVH. However, detection of infratentorial ICH and perimesencephalic SAH is limited. The potential of FD-CT in detecting ischemic changes is poor in blinded readings. Thus, plain FD-CT seems insufficient as a standalone modality in acute stroke, but within a multimodal imaging approach primarily using the FD technology, native FD-CT seems capable to exclude reliably supratentorial hemorrhage. Currently, FD-CT imaging seems not yet ready for wide adoption, replacing regular CT, and should be reserved for selected patients. Furthermore, prospective evaluations are necessary to validate this approach in the clinical setting.
endovascular mechanical thrombectomy (EMT) improves outcome in comparison to sole IV thrombolytic therapy [1] [2] [3] . Besides careful neurological assessment, brain imaging is the major component within the diagnostic cascade in acute stroke. A native CT scan is necessary prior to IV rt-PA therapy to reliably exclude intracranial hemorrhage (ICH). Ideally, multimodal CT or MRI applying angiographic and perfusion imaging is performed to select patients who may take benefit from EMT [4, 5] .
Any delay in stroke management should be avoided, since late recanalization does not improve outcome [6] . A delay of 30 min to revascularization decreases the probability of a good clinical outcome by more than 10% [7] . Recent EMT studies report a median time up to 269 min from onset to start of EMT [8] , which requires to be speeded up by workflow optimization.
Using flat-detector (FD) equipped angiographic systems, volumetric data can be acquired directly within the angiography suite allowing the reconstruction of crosssectional, CT-like images of FD-CT [9, 10] . In combination with an IV contrast administration, FD-CT may provide high-resolution imaging of the cerebral vasculature and whole-brain perfusion in one acquisition as an 'onestop shop' stroke imaging [11] . Since 'time is brain', FD-CT may serve as an alternative imaging modality with the potential to significantly speed up stroke management, since diagnostic imaging as well as endovascular therapy can be performed in the identical setting avoiding patient transfer. However, a precondition to use FD-CT as primary imaging modality in acute stroke is the reliable hemorrhage exclusion [12] . So far, only a few studies regarding hemorrhage visualization by FD-CT are published, especially not in patients with acute ischemic stroke [13] [14] [15] .
The aim of this study was to evaluate whether optimized FD-CT, using a newly implemented reconstruction algorithm, can reliably exclude hemorrhage in stroke patients. Additionally, the potential of FD-CT in identifying ischemic changes in patients with acute ischemic stroke was evaluated.
Patients and Methods

Patients
In a retrospective analysis, 102 patients -54 men and 48 women -undergoing FD-CT of the brain were included, after informed consent was obtained. The average age of the patients was 63 ± 12.5 years (range 26-87 years). Exclusion criteria were age <18 years, presence of an external ventricular drainage or any coil, clip or other metal implants (e.g., cochlear implants), which may cause significant beam hardening artifacts. All consecutive patients, examined by FD-CT in our department between December 2010 and January 2014, were included if no exclusion criteria were met. Before acquisition of the FD-CT data, an ethical study approval by the local institutional review board was obtained.
Clinically the patients presented with acute ischemic stroke (n = 32), ICH (n = 45) or transient ischemic attack (TIA; n = 25).
ICH includes intracerebral, subarachnoid hemorrhage (SAH) and intraventricular hemorrhage (IVH) as well as combinations of those.
In all patients, an initial CT scan was performed as well as a follow-up CT within 24 h. In the stroke patients, the average National Institute of Health Stroke Scale (NIHSS) was 14 ± 7. Three patients were intubated prior to their arrival at the emergency unit; therefore, NIHSS assessment was not possible. Patients suffered from vascular occlusion of the MCA (M1 segment 40%, M2 segment 4%), the basilar artery (22%), the ICA bifurcation (6%), the vertebral artery (14%) and the ICA (14%). FD-CT was performed directly before starting EMT and after IV rt-PA therapy had been initiated immediately after CT to exclude a new secondary intracranial bleeding. In the patients with ICH, FD-CT was performed on neurosurgical standby because the patients presented clinical deterioration indicative for post-hemorrhagic hydrocephalus, and using FD-CT offers the option to implant an external ventricular drainage directly within the Angio Suite without transferring the patient to the operating room. FD-CT was performed in the TIA patients directly before stenting of a symptomatic vessel stenosis to exclude any hemorrhagic alteration after fast initiation of dual anti-aggregation therapy. The average time interval between FD-CT and regular CT was 1.57 h in the stroke patients, 12.62 h in the patients with ICH and 31.89 h in the TIA patients.
SAHs were assessed according to the Fisher grading scale from 1° to 5° [16] , and the patients' clinical status according to the Hunt and Hess scale. Perimesencephalic SAH is characterized by hemorrhage restricted to the perimesencephalic or prepontine cisterns with minimal extension into the ambient and quadrigeminal cisterns and to the medial part of the Sylvian fissures and none to the intraventricular space.
Flat-Detector CT
Image acquisition was performed on a biplane FD angiographic system (Axiom Artis dBA, Siemens Healthcare GmbH, Forchheim, Germany) using a standard program as provided by the manufacturer (20sDR-H program 'DynaCT': 20-second rotation, projection on 30 × 40 cm detector size, 217° angular range, increment 0.4°/image). Technical details of the program have been published and described elsewhere [13] [14] [15] . The average acquisition time including image reconstruction is about 1 min.
Post-Processing
All data sets were reconstructed post hoc using the following parameters: kernel type 'HU', image characteristics 'smooth' and reconstruction mode 'native fill'. In addition, the newly implemented half-scan cone-beam algorithm 'DynaCT Head clear' (Siemens Healthcare GmbH, Forchheim, Germany) was applied in all cases. This algorithm uses the method of Grangeat [17] and a linear interpolation technique [18] in addition to adjustment and correction of ring artifacts, beam hardening, scattered radiation
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Cerebrovasc Dis 2017;43:9-16 DOI: 10.1159/000450727 11 and truncated projections. This technique improves the image quality in peripheral slices of the data volume, for example, in the skull base, compared with the previous 'Feldkamp-Davis-Kress (FDK) algorithm' (DynaCT Head, Siemens Healthcare GmbH, Forchheim, Germany). While by the 'FDK algorithm', only approximations for the peripheral slices are generated, exact computations of these slices are provided by the Gangreat-based 'DynaCT Head clear' algorithm.
After image reconstruction, a volume data set with about 400 slices in a 512 × 512 matrix is available. Axial MPRs with 5 mm slice thickness and spacing were reconstructed, covering the entire brain. After anonymization, the MPRs were stored in random order for evaluation.
Data Analysis
Two experienced neuroradiologists (RAD1/RAD2), unaware of clinical findings, evaluated independently the FD-CTs. During analysis, the reader was allowed to adapt image windowing, since there is no standardization. The windowing values of FD-CT vary between 150-250 HU in width and 50-100 HU in center. First, both raters had to evaluate the quality of the data (good, slightly compromised or strongly compromised), the presence of artifacts (i.e., ring, motion, beam hardening artifacts) and had to assess whether the image quality is sufficient for evaluation. Next, they had to screen the images for hemorrhage or ischemic signs. In case of a hemorrhage, the raters had to differentiate between ICH, IVH, SAH or a combination of these. Additionally, the location of the hemorrhage had to be described.
The findings of the raters were correlated with CT which served as reference standard, evaluated by a third, experienced neuroradiologist, not involved in FD-CT evaluation. All CT examinations were performed on a 128-section CT scanner (Somatom Definition AS+, Siemens Healthcare GmbH, Forchheim, Germany). The acquisition was performed using the following parameters: collimation 0.6 mm, increment 0.4 mm and reconstruction kernel H31s. From that data, axial image reconstructions with a slice thickness of 4.8 mm were generated.
Statistics
Statistical analysis was performed using SPSS 20.0. Rater agreement to CT, regarding hemorrhage or infarction detection, was assessed by calculating the Pearson's correlation coefficient (r). The significance level p was set at p ≤ 0.05. Inter-rater agreement was calculated using the Cohen's kappa coefficient (κ). A value of 0.41-0.60 for the κ-coefficient was interpreted as moderate agreement, a value of 0.61-0.80 as substantial agreement and a value of 0.81-1.00 as almost perfect agreement.
Results
Image Quality
Out of the 102 patients, RAD1 excluded no and RAD2 one data set, because of an insufficient image quality, resulting from motion artifacts. RAD1 assessed 9% (n = 9) and RAD2 18% (n = 18) of the FD-CTs as slightly compromised in image quality (by motion-, ring-or beamhardening artifacts). Three percent (n = 3 or n = 4, respectively) of the scans were assessed as strongly compromised but still diagnostic in image quality by both raters resulting from motion artifacts.
Hemorrhage Detection
Eight patients showed more than one location or type of hemorrhage, so the total number of hemorrhages was 55 ( table 1 ) .
Primary Intracerebral Hemorrhage Both raters detected all 22 primary ICH correctly (compare fig. 1 ), except one infratentorial cerebellar ICH, which was missed by RAD1 (compare fig. 2 c, f) , meaning a sensitivity of 95% for RAD1 and of 100% for RAD2. No ICH was diagnosed 'false-positive', meaning a specificity of 100% for both raters. In 1 case, ICH had additional intraventricular extension, and the associated IVB was detected correctly by both raters. If only supratentorial ICH are considered, the sensitivity and specificity of ICH detection can be assessed as 100% each for both raters.
Primary IVH The one primary IVH was detected correctly by both raters, meaning a sensitivity and specificity of 100% each (compare fig. 2 a, d) . No 'false-positive' IVH was reported.
Subarachnoid, Non-Perimesencephalic Hemorrhage RAD1 detected 9, RAD2 8 of the 12 non-perimesencephalic SAH correctly (compare fig. 2 b, e) . Both rates missed the identical 3 supratentorial SAH. All these SAH were classified as Fisher 2°, and all these patients presented clinically as Hunt and Hess 1°. The 1 supratentorial SAH, were detected correctly in all 6 cases by both raters. The sensitivity of detecting non-perimesencephalic SAH was 75% for RAD1 and 67% for RAD2. No 'false-positive' SAH was reported, meaning a specificity of 100% for both raters.
Perimesencephalic Hemorrhage Both raters missed the identical 7 of the 10 non-aneurysmal perimesencephalic SAH. All perimesencephalic SAH were classified as Fisher 2°, and the patient presented clinically as Hunt and Hess 1°. Concerning perimesencephalic SAH detection, the sensitivity was 30% and the specificity 100% for both raters.
Overall, 44 of the 55 ICHs were correctly detected by both raters, meaning a sensitivity of 80% and a specificity of 100% for the detection of any ICH. Inter-rater agreement (κ = 0.92, 95% CI 0.837-0.997, p ≤ 0.001) turned out as almost perfect. Rater agreement to CT (RAD1: r = 0.81, RAD2: r = 0.81, p ≤ 0.001) was statistically significant.
If SAH are excluded from statistical analysis, since they can be considered a separate clinical entity presenting with clinical symptoms differing from ischemic stroke or ICH, then the sensitivity of hemorrhage detection increases to 97-100% with a specificity of 100%.
Ischemic Signs
Acute Infarct Demarcation Four of the 32 acute, ischemic stroke patients showed early signs of stroke in the initial CT scan in sense of an obscuration of the grey-white matter junction, but they were selected for EMT based on a mismatch concept regarding perfusion information. In 1 case, these early signs of stroke were detected correctly in FD-CT by only one rater, but in the other cases, these signs were missed by both raters. In 2 cases, an acute infarction was supposed by both readers false-positively, meaning a sensitivity of 0 or 25% respectively, and a specificity of 98%. In one of these 2 cases, RAD1 assessed image quality as strongly compromised due to motion artifacts. In 7 cases, a 'hyperdense media sign' was delineated in the CT scan, but not detected in the FD-CT. Post-Ischemic Parenchymal Defects Chronic post-ischemic parenchymal defects were detected correctly in 6 patients by RAD1 and in 4 patients by RAD2 (compare fig. 3 ). Both raters missed 3 chronic infarctions in the brain stem and 2 chronic cerebellar infarctions, meaning a sensitivity of 60% for RAD1 and of 40% for RAD2 with a specificity of 100% each.
Concerning the detection of all ischemic signs together, inter-rater agreement (κ = 0.47, 95% CI 0.184-0.997, p ≤ 0.001) turned out as moderate. Rater agreement to CT was statistically significant for both raters (RAD1 r = 0.61, p ≤ 0.001; RAD2 r = 0.37, p ≤ 0.001).
Discussion
FD-CT allows acquisition of cross-sectional, CT-like images and functional imaging (perfusion, angiographic imaging using IV contrast application) within the Angio Suite [3] . If FD-CT could replace conventional multislice CT, acute stroke patients may be referred directly to the Angio Suite for diagnostic imaging and endovascular treatment. This would avoid patient transport from one modality to the other, and would thereby save time, increase patient safety and improve patient outcome. A requirement to implement multimodal FD-CT as an initial stroke imaging tool is the reliable hemorrhage exclusion [12, 19] .
Our retrospective study in 102 patients aimed to verify that FD-CT can exclude cerebral hemorrhage reliably in stroke patients. Moreover, the potential of FD-CT in detecting signs of infarction in acute, stroke patients was evaluated.
Previous studies [13] [14] [15] , investigating hemorrhage visualization in FD-CT using the FDK algorithm, found limitations in hemorrhage detection near skull base because of motion-and beam-hardening artifacts, as well as an inferiority to conventional CT concerning SAH delineation. However, all these studies are limited by their 14 small sample size. Additionally, up to now, there is no available data using the newly implemented half-scan cone-beam algorithm regarding hemorrhage detection. Moreover, the potential to detect infarction signs in native FD-CT has not yet been evaluated. Based on our results, FD-CT can be considered a reliable tool to exclude supratentorial ICH and IVH demonstrating a sensitivity and specificity of 100% each. On the other hand, FD-CT has limitations in the detection of infratentorial ICH probably due to its low soft tissue resolution. In consequence, in our study, one in the posterior fossa located ICH was missed by one rater. Moreover, FD-CT demonstrated limitations in the detection of SAH (sensitivity 67-75%), especially an SAH with less than 1 mm thickness and perimesencephalic SAH (sensitivity 30%). Thus, both raters missed 10 Fisher 2° SAH, which presented clinically as a Hunt and Hess 1° and of whom 7 were perimesencephalic. Besides the lower contrast resolution, the presence of beam hardening artifacts in the brain stem region may explain these FD-CT limitations [20, 21] . Even the use of the newly implemented post-processing algorithm does not seem to solve these FD-CT restrictions. Especially, compromising motion artifacts, which were the most observed artifacts in our study and affected the entire data set and not just single slices, will remain a known problem in FD-CT imaging [14] despite the 'DynaCT Head clear' algorithm.
In our opinion, the low sensitivity of SAH detection by FD-CT should not impede the use of multimodal FD-CT in general. The clinical presentation of SAH patients, especially of those with perimesencephalic SAH, is different to those suffering from ischemic stroke with large vessel occlusion. On the other side, in patients with typical symptoms of acute ischemic stroke, ICH is the main diagnosis to be excluded. All cases without hemorrhage were assessed correctly by the raters. The high inter-rater agreement (κ = 0.92) regarding ICH detection indicates that FD-CT evaluation is not rater-dependent. Also, the rater agreement to CT regarding ICH detection turned out as highly significant. Therefore, in our experience, especially ICH can be detected reliably. Neverthe- less, since missing small or infratentorial hemorrhage as well as SAH without parenchymal clot could have disastrous sequelae, FD-CT imaging does not seem ready for wide adoption yet or for replacing regular CT, and should be reserved for selected patients, taking into account not only its limitations but also its potential in speeding up the workflow that patients can benefit from.
To compensate this drawback, in emergency cases, a multimodal approach including FD-CT angiography and FD-CT perfusion seems mandatory to confirm large vessel occlusion or perfusion deficit before therapy initiation.
In detecting signs of infarction, FD-CT is known to be limited due to its lower contrast resolution of approximately 10 Hounsfield units as compared to conventional CT [22] . Correspondingly, in our study, the sensitivity of detecting early signs of stroke turned out as poor (0-25%). In accordance, defining on FD-CT, the Alberta Stroke Program Early CT score (ASPECTS) as an important prognostic parameter before EMT is limited too. Thus, plain FD-CT seems to be insufficient as standalone modality in acute stroke needing adjunct imaging. Because of the small size of early signs of stroke in our study population, these results can be considered only preliminary. A step to improve the detection of ischemic stroke could be the use of multimodal functional FD-CT imaging [23, 24] . We assume that by additive FD-CT angiography and FD-CT perfusion imaging, the sensitivity and specificity in the absence of early ischemic changes may be dramatically improved, comparably as described for conventional CT in the detection of acute ischemic stroke [4] . Especially, the implementation of new post-processing algorithms seems to improve functional FD-CT imaging further, allowing the generation of angiography and perfusion images with comparable quality to CT angiography and CT perfusion [25, 26] . In accordance to other authors [27, 28] , attaching value to multimodal imaging of the ischemic penumbra, we believe that this functional imaging is the key to recognize (large vessel occlusion, perfusion deficit) and initiate ischemic stroke therapy, and not the recognition of early ischemic signs difficultly to delineate. In our opinion, this is supported by current stroke studies that turned out positively on the basis of recognition of large vessel occlusion and, in some, on mismatch evaluation. To select patients for EMT based on perfusion imaging offers the option of a more individualized approach than using only generalized time criteria, especially since the timeline for conversion of ischemic penumbra into infarct tissue may be individually different. Accordingly, in the EXTEND-IA trial, CT perfusion was used to select patients for EMT, achieving an impressive rate of good clinical outcome at 71% by this approach [4] . Moreover, the assessment of the leptomeningeal collateral status seems to be an important parameter in acute ischemic stroke, since good pre-treatment collaterals may enhance the rates of successful reperfusion and recanalization in endovascular treatment [29] . On the other hand, using plain head CT and the ASPECTS score have been proven to work well, and it is faster than a multimodal approach. Additionally, it needs less radiation dose and no contrast medium exposure to the patient. Maybe, the sensitivity of detecting early stroke signs on FD-CT might increase if instead of blinded readings the raters would be informed about clinical symptoms what is crucial to be known for image evaluation in stroke patients. Whether the sensitivity will indeed increase by knowing the clinical background could be an objective for further investigations.
Certainly, our study has some limitations. First, the study has low sample size of infratentorial ICH and early stroke signs. In addition, there was no PH or IVH smaller than 5 × 10 mm included in our study. Furthermore, prospective investigations with an increased sample size are desirable to elucidate the reliability of FD-CT imaging in the detection of infratentorial ICH and acute infarction signs. The use of special head-fixing cups, which prevent head movement and therefore motion artifacts, could probably contribute to image improvement. Moreover, detector optimization and software innovations concerning artifact filtering and improvement of the low contrast resolution will be beneficial to overcome the limitations of FD-CT imaging.
Conclusions
Based on our results, FD-CT using a new post-processing technique seems to be a reliable tool for the detection of supratentorial ICH and IVH. On the other hand, the reliability concerning the detection of perimesencephalic SAH as well as infratentorial ICH turned out as moderate. The potential of FD-CT in detecting ischemic changes seems limited, especially if evaluated unaware of clinical findings. Thus, plain FD-CT seems insufficient as a standalone modality in acute stroke, but when embedded within a multimodal functional approach, FD-CT imaging may be capable of reliably detecting ischemic stroke patients and exclude ICH in selected cases taking clinical information into account. For further evaluations, a com-
